The fluid percussion model is in widespread use for the study of brain injury. However, the tissue deformation characteristics of the model have not been determined. Studies have suggested that at high levels of fluid percussion, the fluid percussion model is primarily a model of brainstem injury. It was proposed that this occurs as a direct result of the volume influx to the cranial vault at the moment of impact. This study examines the biomechanical deformation produced by the fluid percussion model. The purpose of this investigation was to describe the regional strain distribution in brain tissue at the moment of impact and to determine the effect of volume efflux produced by the percussion device. A cat skull was sectioned parasagittally and filled with an optically transparent gel. A grid pattern was painted in the midsagittal plane and was used to record the surrogate brain tissue deformation in response to fluid percussion loading. Motion of the grid pattern at low and high levels of fluid percussion loading was recorded using a high-speed camera, and a series of photographs developed from the high-speed film were analyzed to determine the intracranial strain distribution at these loading levels. The results of these studies indicated that the maximum site of strain was located in the region of the lower brainstem and that deformations were negligible in other regions of the brain. These studies provide an explanation for the pathophysiologic results obtained in a parallel series of experiments from which it was concluded that high-level fluid percussion is predominantly a model of lower brainstem injury.
INTRODUCTION
Experimental studies have indicated that high-level fluid percussion in the cat is predominantly a model of brainstem injury (Shima and Marmarou, 1991) . In this fluid percussion injury model, a fluid column was placed in intimate contact with the dura, and it was hypothesized that the rapid influx of saline introduced by the percussion device was responsible for the structural damage to the brainstem. Following the completion 'Department of Bioengineering, The University of Pennsylvania, Philadelphia, Pennsylvania. of these pathologie studies, a collaborative effort was initiated to study the biomechanics of high-level fluid percussion injury. Heretofore, the tissue response of the fluid percussion model had not been explored.
The objective of this investigation was to describe the regional strain distribution in brain tissue at the moment of impact and to determine the effect of volume influx produced by the percussion model. A second goal was to determine the degree, based on theoretical considerations, to which mechanical insult produced by the percussion model mimics the biomechanics of severe head injury produced by inertial models (Abel et al., 1978; Gennarelli et al., 1982) . This report describes the application of physical models, or surrogates, of the skull-brain structure and their use in providing insight into the mechanisms of neural and neurovascular tissue injury. Previous experiments have demonstrated that these models can be used to estimate the magnitude, temporal nature, and topographic distribution of the deformation pattern experienced by brain tissue under various prescribed loading conditions (Thibault, 1982;  Margulies, 1987; Margulies et al., 1990; Meaney and Thibault, 1990; Meaney, 1991) . Until now, physical model simulations and analyses have been directed toward inertial loading (acceleration)-induced brain injury in the primate. This study represents a continuation of our physical modeling approach to understanding the mechanisms responsible for brain injuries witnessed in other animal models of brain injury. To our knowledge this is the first application of this technology to a fluid percussion model.
MATERIALS AND METHODS
A fluid percussion device, calibrated at the Medical College of Virginia, was transported to the University of Pennsylvania laboratories for use in these experiments. After calibrating and testing the device for satisfactory operation, a physical model was constructed in a manner similar to the method described in previous modeling studies (Margulies, 1987; Meaney, 1991) . An illustration of the completed model using a cat skull is shown in Figure 1 (Blum et al., 1985) and were within the range of values reported for brain tissue (E = 0.2-8.0 psi) (Fallenstein et al., 1969; Estes and McElhaney, 1970; Galford and McElhaney, 1970; Shuck and Advani, 1972 
Injury Device
The device used to deliver the mechanical insult to the model is described in more detail elsewhere (Sullivan etal., 1976 Deformation of the grid pattern at the plane of interest of the model during dynamic loading was recorded using a high-speed camera (HYCAM, Redlake Industries, Campbell, CA), which filmed the event at the rate of 6500 frames/sec. Every fourth frame of the high-speed film was enlarged and printed on 8 x 10 in photographic paper for digitizing purposes. Grid intersections were located and recorded for analysis using an HP 9836 computer and bit pad (Houston Instruments, Austin, TX). Figure 2 
RESULTS
Once the photographic prints of the high-speed film were digitized, a computer-generated image was compiled for illustrative purposes (Fig. 3) . Shown in Figure 3 Experiments were conducted at both the high and low levels of percussion. Figure 5A depicts the displacement of three nodal locations within the field during a low-level loading condition. The nodes represent frontal lobe, supratentorial, and spinal cord equivalent locations. Maximum displacement occurs in the spinal column and reaches a value of 2 mm, whereas the displacements within the surrogate brain (frontal lobe, supratentorial nodes) are approximately equal at 1 mm. The tissue deformation may be described as the difference in displacement between two nodal locations. One would expect in this instance to observe little or no strain between the supratentorial nodes but to find that the material in the region of the brainstem was undergoing stretch as a result of the difference in displacement between the supratentorial node and the spinal column node.
This portrait of differential displacement becomes much more noticeable when the experiment is conducted at the high level of fluid percussion. An example of the high-level loading condition is shown in Figure 5B . Again, the difference in nodal displacements within the brain are modest when comparing the frontal lobe region with the supratentorial location. However, the displacement in the spinal column of 5 mm was roughly double that in the surrogate brain. A calculation of stretch ratio using these nodal locations will serve to quantitate the apparent differences. Figure 6A shows the strain (e) in the three regions described previously. The relationship between the stretch ratio (X) and the strain (e) was defined as
The maximum strain was focused in the region of the brainstem, and for this low-level loading condition, the magnitude was 0.02, or 2% elongation of those tissue elements in the region. This level of fluid percussion reportedly produces a mild injury (Shima and Marmarou, 1991) . Figure 6B depicts the maximum strain under conditions of high-level fluid percussion. In contrast to the previous loading level, the peak magnitude of the elongating strain was approximately 0.11, or 11%. This level of tissue deformation has been shown to produce electrophysiologic changes in the isolated giant squid axon (Galbraith, 1988) . Note, however, that the deformation is maximum in the brainstem and is much lower in the other regions of the model. This description of the topographic distribution of the deformations associated with high-level fluid percussion indicates that the primary site of injury is highly localized to the lower brainstem. This is in contrast to the inertial loading models, which have produced the largest deformations in the structures of the deep white matter of the brain (Gennarelli et al., 1982 Similarly, Dixon et al. (1988) modified the original Sullivan model for application to the rat and improved the fluid percussion technique by providing independent variation of the fluid pulse parameters. In these studies, cineradiographic images of the fluid on impact showed that the intracranial fluid movement was characterized by rapid radial movement within the epidural space. Rather than a focal insult to the exposed dura mater membrane, the fluid percussion pulse was found to spread diffusely across the superior brain surface. However, as in previous biomechanical analyses of fluid percussion, tissue deformation in response to these loading conditions was not studied.
Our study was designed to investigate, using biomechanical modeling techniques, the nature of the structural deformation associated with fluid percussion injury. Using these methods, we investigated the variation in the mechanical field parameters (displacement and strain) as a function of the experimental (Galbraith, 1988) .
loading conditions defined by a fluid percussion model for brain injury. Under the conditions of high-level fluid percussion, we observed that the strain field in the physical model is nonuniform and that the site of maximum strain is localized to the region of the lower brainstem. Several méthodologie considerations were taken into account when conducting the physical modeling study. First, the surrogate brain material was selected to provide a reasonable simulation of the actual brain material. To this end, the measured elastic modulus of the silicone gel material (E = 0.680 psi) falls within the range (E = 0.2-8.0 psi) reported for brain tissue. Second, the model did not attempt to simulate the flow of cerebrospinal fluid and blood from the intracranial cavity occurring from the mechanical insult. At present, the precise amount of cerebrospinal fluid and blood exiting the intracranial space during fluid percussion is unknown. However, the size of various foramina and blood vessels capable of transporting these fluids is much smaller than that of the foramen magnum, the primary conduit for tissue herniation, and the resistance for cerebrospinal fluid and blood exudation would appear to be much higher than that for brain. The closed physical model configuration presented in this study is an approximation of this high resistance to cerebrospinal fluid and blood leakage. Third, the stretch ratio measurement was intended to provide an indication of the deformation of elements residing within different regions of the surrogate. The central finding of this report, the maximization of strain in the lower brainstem region during high-level fluid percussion, can be augmented by presenting a more refined depiction of the estimated strain and displacement fields occurring in the midsagittal plane during impact. As an example, one can compare the lesion patterns produced in the hemispheres to the spatial distribution of strain appearing in this region. Special attention can be placed on the area surrounding the percussion site, where a number of lesions have been found.
The calculated values for the strain are in excess of 10%, which suggests that the herniation of brain tissue through the foramen magnum will produce a stretch of the axons in the brainstem to a level that results in functional failure. Further, this degree of deformation may result in ultrastructural damage with residual deficit . These observations are consistent with the findings discussed in previous physiologic study of the fluid percussion technique and reinforces the notion that high-level fluid percussion loading will produce a prominent lower brainstem injury. Although this study was confined to the central mode injury where percussion occurs directly on the vertex, the volume extrusion would be similar for lateral impact. The dynamic rise in intracranial pressure caused by the fluid percussion technique, which in turn causes extrusion of material through the foramen magnum, should be relatively independent of the loading site. Observations from the physiologic study cited earlier support this hypothesis, since lateral mode fluid percussion used in the pathophysiologic investigation produced predominantly lower brainstem injury.
Although the central and lateral mode fluid percussion models will produce similar lower brainstem injuries, a distinguishable lesion pattern should appear in the hemispheres. As indicated by Dixon et al. (1988) , positioning the craniotomy at the vertex of the ferret skull will allow the percussion fluid to diffuse fairly symmetrically into the intracranial space, deforming the brain approximately equally in both hemispheres. In contrast, lateral mode percussion will preferentially direct the insult over the parasagittal cortex and cause the brain to deform asymmetrically, with the structures in the ipsilateral hemisphere experiencing a larger deformation than corresponding contralateral structures. This asymmetric deformation pattern may serve to explain the primarily ipsilateral hemisphere injuries reported by Mclntosh et al. (1989) for a lateral fluid percussion model. It is worthwhile to note, though, that high levels of injury in this model (P = 3.0-3.6 atm) produced bilateral petechial hemorrhages in the brainstem similar to those observed in earlier vertex fluid percussion studies. Thus, repositioning the craniotomy did produce a different injury response in the hemispheres but did not eliminate the lower brainstem injury at high levels of fluid percussion.
In addition to correlating the deformation pattern of the surrogate brain material with the pathophysiologic findings, the physical model studies permit one to estimate the pressure-volume index (PVI) (Marmarou et al., 1978) for dynamic loading and the effective inertial loading condition that would produce an equivalent degree of tissue deformation. In the former case, the PVI is defined as PVI -AV/ln(pmax/p)
In these experiments, V and P are the instantaneous values of extruded volume and dynamic pressure, respectively. The PVI of the adult cat obtained by conventional bolus measurement is approximately 1 ml (Marmarou et al., 1978 (Hayashi, 1969 (Gennarelli et al., 1982) . The translational acceleration analog of fluid percussion will produce deformation patterns quite distinct from the strain patterns associated with the angular acceleration model. In the latter case, the measurable deformation occurs in the corpus callosum and the deep white matter of the brain. In the former case, the pressure appearing at the foramen magnum causes exudation of brain material and a localization of strain in the lower brainstem.
An alternative to the fluid percussion model has been proposed by Lighthall ( 1988) . This model uses a rigid indentor to deliver a controlled cortical impact to the exposed dura of the ferret. Varying the velocity and penetration depth of the indentor yielded a spectrum of injuries ranging from mild dysfunction to death. The methodology outlined in this study, used to investigate inertial loading phenomena and now to study fluid percussion, can be applied also to this cortical impact model to study surrogate brain tissue deformation of this model.
In summary, this report illustrates that physical models can be used to evaluate the appropriateness of various animal models of brain injury by defining the regions of tissue damage and relating the magnitude of the strain in these equivalent anatomic locations in which the simulation is intended to replicate. When these methods were applied to fluid percussion injury, it was found that the region of maximum strain was focused in the brainstem. These observations are consistent with the pathophysiologic studies described in a previous study and provide a biomechanical explanation for the lower brainstem damage observed. This damage can be reduced by lowering the impact levels to less than 3.0 atm. where x,y = position of nodal point at time t, and x0,y0 = position of nodal point at time t = 0. The maximum local deformation for mild and severe fluid percussion loads was calculated, and the displacement time histories for various nodal locations were measured.
